The effect of a room temperature curable dielectric ink (ZrSiO 4 ) printed on commercial photo paper and prepared nanopaper on the dielectric properties at 2.4 GHz are studied. In both cases, the dielectric layer decreased the relative permittivity and dielectric loss and made the flexible substrates rigid. For the nanopaper, the permittivity decreased from 4.7 to 3.57 and the loss value from 0.12 to 0.04. The measured decreases for the photo paper were from 3.12 to 2.61 and from 0.09 to 0.05, respectively. In the performance of the simulated and fabricated inverted-F antennas, the effect of the dielectric layer could be observed in the decrease of its frequency with about 130 MHz mainly due to the thicker substrate. The measured total efficiency and gain were 83% and 3.4 dB. The proposed approach could be in the future used for further development of the antenna by modification of the dielectric ink with different additives.
INTRODUCTION
Wireless communication wearable devices are becoming popular in many emerging applications. Modern wearable applications like smart watches use wireless technologies like Bluetooth, Wi-Fi, long-term evolution (LTE) and the global positioning system (GPS), thus requiring integration of an antenna into the measuring unit. The design of antennas suitable for wrist applications is a challenging task due to the requirements of the compact and especially thin design and low manufacturing costs. 1 The inverted-F antenna (IFA) structures are widely used in wearable applications because of their simple and flexible design, low fabrication cost, and reliable performance. 2, 3 On the other hand, printable electronics can produce very thin, low-cost, and lightweight structures. It is thus clear that fabrication of antennas using printable electronics would offer an optimal solution to realizing flat, inexpensive antennas. Paper is a desired candidate for a low-cost substrate for RF printed electronic applications. It has a low surface profile and, with an appropriate coating, it is suitable for fast printing processes such as direct write methodologies instead of the traditional metal etching techniques. Conductive inkjet printed antennas on flexible, low-cost paperbased substrates have been reported for radiofrequency identification (RFID) and wireless sensor network (WSN) applications. 4 For printed antennas, an interesting new option is paper based on nanocellulose (denoted here as nanopaper), which has a densely packed, layered structure allowing highly conductive and sensitive antenna lines at higher frequencies. However, the dielectric (Received December 5, 2017; accepted March 29, 2018; published online May 11, 2018) properties of common and nanopaper depend on the manufacturing route and the raw materials used. [5] [6] [7] [8] Thus, the dielectric properties such as dielectric constant (e r ) and loss tangent (tan d) have to be characterized before designing the high-frequency structures. 5, [9] [10] [11] However, one main disadvantage of these paper-based substrates for high-frequency antennas is their dielectric losses being 0.07-0.2 at 2.5 GHz. 9, 11 In this paper, the feasibility of room temperature curable dielectric ink on temperature sensitive photo and nanopaper substrates was investigated. The dielectric properties of the substrates with and without dielectric coating are measured at 2.4 GHz, and the performance of the fabricated IFA is also measured. IFA designed in this paper is an off ground antenna type having higher antenna efficiency compared to IFA, 3 which is an on ground antenna type.
MATERIALS AND METHODS

Paper Substrates
Two different substrate materials were selected with the first one being a commercially available Japanese Epson photo glossy photographic paper (denoted here as photo) having a thickness of 200 lm. The measured AFM (atom force microscope, veeco dimension 3100, US) average surface roughness (R a ) of the paper was 14 nm. For the second, a nanopaper made of bleached hardwood kraft pulp fibers in accordance with work published earlier by Liimatainen et al. 12 was selected. The nanofibrils obtained through subsequent periodatechlorite oxidation had an average lateral dimension of 3-5 nm and carboxyl content of 1.75 mmol/g. A vacuum filtration method was used to prepare transparent and homogenous substrates from an aqueous nanofibril suspension. 13 The fabricated cellulose nanofibrils characteristics were analyzed by a Tecnai G2 spirit transmission electron microscope (FEIEurope, Eindhoven, Netherlands). The nanofibril samples were diluted and well distributed into a 10 mL plastic test tube.
A tiny droplet (7 lL) of the dilution was dosed on the top of a butvar and carbon-coated copper grid. Uranyl acetate (2% w/v) was applied as a negative stain to cover the samples. The excess amount of the sample and uranyl acetate was removed with filter paper. The stained samples were dried at room temperature and later analyzed at 100 kV under standard conditions. A Quemesa CCD camera was used to take the images. The 3-5 nm widths of the individual nanofibrils shown in Fig. 1a were measured by TEM image analysis software (Olympus soft imaging solutions GMBH, Munster, Germany) over 100 well-distributed nanofibrils.
FESEM (field emission scanning electron microscopy, JEOL S-4800, Hitachi, Japan) was used to study the structural properties of nanopaper substrates in the planar direction. Prior to FESEM imaging, the samples were conditioned overnight in a desiccator to remove moisture. They were later coated with gold/palladium using the SEM Sputter Coater to improve the sample's electric conductivity. The images of the structure were captured from the secondary electrons released from the surface of the sample after bombardment with a beam of electrons accelerated at 1.0 kV. Figure 1b shows that the nanopaper consisted of dense (321.47 g/cm 3 ) and entangled network of individual nanofibrils without any visible larger aggregates. 13 The thickness and R a value of the nanopaper were 30 lm and 160 nm, respectively.
Dielectric Inks Formulation and Their Properties
The fabrication procedure of the dielectric ZrSiO 4 ink printed on photo and nanopaper was reported earlier.
14 A homogeneous and stable suspension of ZrSiO 4 was obtained with controlled particle size, and the optimized composition of the binder. The 60 wt.% amount of ZrSiO 4 particles with a controlled size was mixed wkth 35 wt.% of the anhydrous xylene ethanol solvent system and 5 wt.% of polyvinyl butyral binder. Figure 2 shows the microstructure of a dielectric layer on paper substrates after printing and room temperature curing. The ZrSiO 4 ceramic grains were covered with a homogeneously dispersed polymeric binder (Fig. 2a) . The average surface roughness obtained by the AFM measurements ( Fig. 2b and c) to the area of 10 lm 9 10 lm to the photo and nanopaper with the dielectric layer showed increased values being 540 nm and 330 nm, respectively. This increase is understandable due to the large particle size distribution of the ZrSiO 4 powder. Although the surface roughness plays an important role in the performance of the antenna especially affecting the accuracy of the printed lines, still the achieved smoothness is low compared to the most common commercial PCBs. Figure 2a shows that in the printed and cured ink the ZrSiO 4 ceramic grains were covered with a homogeneously dispersed polymeric binder.
Antenna Structure
The schematic layout of the proposed printed IFA covering 2.4-2.7 GHz (WLAN, LTE band 7) for wrist and headset applications is shown in Fig. 3a . The design was done using CST Microwave studio. The whole structure included an antenna element, its ground plane and feeding, and the short. The dimensions between feed and shot were varied to minimize return loss close to 2.6 GHz.
The antenna had a uniform strip width of 1 mm. FR4 with copper tape is used for a 40 mm 9 30 mm ground plane. The size of substrate for the antenna element made of photo or nanopaper with and without dielectric layer on top was 6 mm 9 20 mm.
The conductive lines were screen-printed on the element with Dupont 5064H silver ink and cured at 130°C. A 50 X coaxial cable was used to feed the antenna. Figure 3b , c, d, and e shows the fabricated antennas with the copper tape and 50-ohm coaxial feeding cable. The dielectric layer clearly made especially the nanopaper more rigid thus preventing deformation of the antenna structure.
RESULTS AND DISCUSSION
The measured relative permittivity (e r ) and dielectric loss tangent (tan d) values of photo and nanopaper with and without dielectric ink are shown in Table I . The printed and cured thickness of dielectric layers on photo and nanopaper substrates was 80 lm and 60 lm, respectively. The extracted e r and tan d of the ZrSiO 4 dielectric layer itself were thus 1.98 and 0.007 at 2.4 GHz. The measured e r values for the paper substrates correlated well with one reported earlier, 4,9,11 especially taking into account that the permittivity of a nanopaper is reported to increase with the density. 10 The results also show that the dielectric layer brought the tan d value to the same level (0.04-0.05 at 2.4 GHz) decreasing it significantly especially in the case of nanopaper. Furthermore, the e r values decreased. The decrease of both of these values is understandable due to the low permittivity and loss values of the dielectric layer. 
The simulated return loss (Fig. 4a) for all antennas correlate well with the measured one (Fig. 4b) . In all cases the printed dielectric layer decreased the frequency of the antenna about 130 MHz although the effective permittivity decreased with the dielectric layer. The reason for this is the increased thickness of the substrates.
The total efficiency (Fig. 5a ) of the antenna made on nanopaper with and without dielectric layer was found to be 83% and 79%, respectively. The related value for the antenna based on photopaper were about 76% and 74%. Thus, the ZrSiO 4 dielectric layer slightly improved the efficiencies due to the lower dielectric losses. The peak gain of the photo and nanopaper antennas (Fig. 5b) were 3.17 dB and 3.4 dB, respectively, with slight improvement with the dielectric layer. The achieved antenna performance is close to the ones reported earlier for IFA at 2.4 GHz. 15 All these measurement results are in line with the simulations.
The results show that the introduced dielectric room temperature curable ink is feasible for the proposed antenna structure. Especially it decreased the dielectric loss of the antenna substrate when printed on photo and nanopaper. It also improved the stiffness of the antennas still enabling thin structures. Figure 6 shows the measured radiation pattern of the antennas of nanocellulose and photo paper substrates with and without dielectric inks. All the antennas had omni directional radiation patterns.
CONCLUSIONS
The approach using printed room temperature curable low loss dielectric ink on antenna substrate made of photo or nanopaper is studied. The dielectric layer decreased both permittivity and dielectric Approach to Fabricate Rigid Substrate for 2.4 GHz Inverted-F Antenna Using a Room Temperature Curable Dielectric Ink on Photo and Nanopaper loss of the photo and nanopaper from maximum of 0.12 to minimum of 0.04 at 2.4 GHz. The printed layer also made these paper-type substrates more rigid still having low thickness. In the performance of the IFA it decreased the frequency and slightly improved the radiation efficiency. The present study shows the advantage of printed room temperature curable dielectric ink, which is feasible for even temperature sensitive substrates. The proposed approach could be also used in the future to develop the antenna in many different ways. The size of the antenna could be, e.g., decreased by increasing the permittivity of the dielectric ink without losing good antenna performance.
